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Section I 

INTRODUCTION 


We have proposed and analyzed a novel approach for implementing an 
optical back plane interconnect technology (OBIT) that is capable of optically 
connecting any row of a 32 x 32 backplane array to any row of a second 32 x 32 
array. Each backplane array is formed monolithically on a wafer. The technology 
is based on the use of grating-surface-emitting (GSE) waveguides that are formed 
on a wafer containing a quantum well and a separate confinement waveguide. 
The quantum well and waveguide serve a number of functions being used for 
transverse guiding, gain, modulation, detection, and the formation of a 
wavelength-tunable distributed-Bragg reflector laser. Photolithographically 
formed ridges and electrode structures provide lateral guiding and the control of 
the required light generation, modulation, and detection functions. The GSE 
waveguides act as efficient antennae that radiate light at an angle selected by 
tuning the wavelength of the lasers from the transmitting array to the receiving 
array. The same waveguides may be used as the receiving antennae when the 
array is used in the receiving mode. Thus, wavelength tuning is used to direct 
each row of the transmitting array to the desired row of the receiving array. It is 
also possible to include separate transmitting and receiving structures on the 
same monolithic array to allow duplex operation. We have, however, not treated 
this case in detail. 

We may summarize the results of our study as follows: Using our 

approach, which is outlined above and described in greater detail in the body of 
this report, it should be possible, within the present state of the art, to have an 
optical backplane array with the following characteristics: 

• Any row of a 32 x 32 GSE array may be optically connected to any 
row of a second 32 x 32 array. 

• By scanning the laser driver of a row of the transmitting array 
through a wavelength range of 200 A, any of 32 rows of the 
receiving array can be addressed. 
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• Each monolithic array can be used as both transmitter and 
receiver by switching the bias on the quantum-well switch- 
detectors. 

• Separate transmitting and receiving structures could be 
provided, if desired, for duplex operation. 

• For a bit error rate of 10' 9 at a 100 MHz data rate, a required 
laser power of 12 mW is calculated based on an estimated total 
optical loss of 40 dB (9.7 x 10' 5 ). 

The advantages of this approach to OBIT are as follows: 

• Provides an optical approach to overcome complexity inherent in 
electronic switching for computer applications. 

• Employs and monolithically integrates waveguide and laser 
diode devices that have been demonstrated. It thus does not 
require the invention of new devices. 

• Because a complete backplane array may be formed 
monolithically on a chip, our approach will be compact and 
power efficient. 

• It should be possible to demonstrate optical backplane switches, 
as large as 32 x 32, using state-of-the-art technology. 

• The optical backplane technology studied in this report requires 
only one switch decision, to switch 32 parallel connections to any 
one of 32 positions. 

• The laser power required to achieve a high level of performance 
(32 parallel connections to any of 32 positions with 10' 9 BER at a 
100-MHz data rate) is modest for certain types of quantum- well 
lasers. 
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Section II 


GRATING-SURFACE-EMITTING WAVEGUIDE, 
TUNABLE-LASER (GSE-TL) APPROACH 


In this section we will describe the approach used as the model for the 
major part of this study. The detailed descriptions and analysis required to 
evaluate the feasibility of the approach will be given in Sections IV and V. Some 
general considerations that bear on the scanning of light beams are discussed in 
Section III. 

The grating-surface-emitting waveguide, tunable-laser (GSE-TL) approach 
is shown in Figs. II-l, II-2, and II-3. The illustrated array can be used as either 
an optical transmitter or an optical receiver of coded information. The GSE-TL 
approach may be described as a monolithic array of grating-surface-emitting 
(GSE) waveguides connected to abrupt DBR tunable lasers through integrated 
waveguide directional couplers and combined quantum-well switch-detector 
sections. 

We envisage a quantum-well-waveguide (QWWG) and other epitaxial 
layers as being grown over the entire wafer. The laser, switch, amplifier, and 
ridge structures that guide waves in the desired directions in the plane of the 
QWWG are then formed using photolithographic processes as required. The 
gratings may be formed by holographic exposure and etching at a suitable stage 
during the processing. Electrodes may also be deposited at the appropriate 
processing stage. 

The array operates as an optical transmitter as follows: Light from each of 
the abrupt DBR tunable lasers connected at the left of each row is distributed 
equally to the each of the GSE waveguides in the row. The wavelength of the light 
in a particular row can be adjusted independently of the wavelength of other rows 
by setting the currents in the laser pump and timing buses feeding that row. The 
light is emitted out of the GSE waveguide plane (the y-z plane) by the grating that 
acts as an output coupler [1]. Light emerges at an angle ©j to the x axis in the x-y 
plane, ©j depends on the light wavelength (X) and the period of the grating (A). 
Thus each row of the transmitting array can be independently addressed to a 
desired row of the receiving array by tuning the laser driving that row. This says 
that only one switch decision is required to connect all the cells of one row to the 
corresponding cells of the receiving row. 
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Figure II-l. Schematic of monolithic grating-surface-emitting waveguide tunable-laser 

(GSE-TL) array approach to optical backplane interconnect technology (OBIT). 



Detector Bus Switch Bus 



Figure II-2. Detail of GSE-TL OBIT approach. 



Figure II-3. Schematic of a lenticular lens array of focal length f positioned to 
couple two GSE-TL arrays together to form a complete backplane 
interconnect for computer use. The focal length of the lenslets in the 
lenticular array may be chosen to optimize the optical coupling 
between the arrays. 
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In the illustration of Fig. II-3, row N of the transmitting array is deflected 
through an angle and addresses row L of the receiving array. At the same 
time, row M is deflected through an angle ©m and addresses row P of the 
receiving array. The light leaving each cell may be modulated or switched on and 
off by addressing the appropriate signal to the quantum-well switch detector 
(QWSD) of that cell through the switch bus. In the transmitting state, all of the 
QWSDs will be biased to act as switches. For example, in forward bias, the signal 
might be used to reverse the polarity across the QWSD causing a strong 
absorption. 

The tunable laser uses short Bragg reflecting gratings that are sufficiently 
strong to reflect the required amount of light in a relatively short length allowing 
for a large tuning range. Because of this, we refer to this novel concept as an 
abrupt DBR tunable laser. The tuning is accomplished by changing the phase 
length of the composite laser cavity, consisting of a pump section and a tuning 
section, through current variation [2,3]. A recent article reports wide tuning 
range in a multi-section DBR laser, with a gain control and an active DBR region 
where the effective index and, hence, the reflecting wavelength of the Bragg 
grating is changed by changing the injection current [4]. 

In our approach, the laser couples directly to a collinear amplified 
quantum-well (QW) ridge waveguide provided with electrodes so that current 
pumping can be used to provide just enough gain to cancel out waveguide 
absorption and scattering losses. Excessive gain in the waveguide might cause 
loss of resolution and excessive cross-talk due to spontaneous emission. This 
potential problem requires further study. 

The directional couplers connect the amplified ridge waveguide to QW 
switch-detectors [5,6] that are coupled directly to grating-surface-emitting 
waveguides [7,8]. The lengths of the directional couplers along a row of cells is 
varied so that an equal amount of light energy is coupled to each GSE-WG. The 
last coupler in a row of N is, of course, then chosen to couple all of the remaining 
light into the Nth GSE-WG. The light transferred by the directional coupler is 
deflected by Bragg-corner gratings through 90° into wide (W large) waveguides 
that contain the QW switch-detectors and the surface-emitting gratings. We refer 
to these waveguides as grating-surface-emitting (GSE) waveguides. 

The quantum-well switch-detectors (QWSD) have electrodes and use the 
QW structure with variable bias. For use in the transmitting state, switching 
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from reverse to forward bias will give a strong change in absorption to act as a 
switch or modulator [9,10]. 

The array acts as an optical receiver as follows: The same GSE waveguides 
used as output couplers in the transmitting state serve as input couplers in the 
receiving state. Light falling on such a GSE waveguide at the same angle as that 
through which it was emitted from a similar GSE waveguide at the transmitting 
array, will be coupled into the waveguide and flows toward the QWSD. The input 
coupling fraction will, in theory, be equal to the output coupling fraction of the 
transmitting grating if the input beam waist is located at the input grating plane 
and is equal in size to the beam waist at the transmitting grating. The beam 
waist can be matched in one direction using a lenticular array as shown in Fig. 
II-3. The focal length of each lenslet is chosen to give the desired beam waist at 
the receiver. In the receiving state, the QWSD will be placed in reversed bias, and 
the photocurrent will be brought out to a preamplifier by the detector bus. 

We wish to point out that if full duplex operation is required, additional 
grating waveguides and quantum-well detectors independent of the transmitting 
GSE waveguides can readily be added to the array. In this case, the same 
analysis applies and the characteristics, as far as signal to noise, bit error rate, 
and power requirements described below, will be obtained. 

An initial approach utilizing single wavelength lasers connected through 
Y branches to GSE waveguides was considered early in the program. From our 
initial considerations, we concluded that the Y branch approach is excessively 
costly in power loss and requires too great a complexity of laser sources to be 
practical. 
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Section m 

METHODS OF SCANNING GSE OPTICAL BEAMS 


A RESOLUTION OF ANGULARLY SCANNED OPTICAL BEAMS 

It is important to know how much deflection is required so that at the 
receiver plane a row of GSE waveguides is addressed without crosstalk to the 
adjacent row. We thus give here a brief review of the resolution of a scanned 
coherent light beam such as will be emitted from the GSE waveguides. 

A wave leaving an aperture D in length, as illustrated in Fig. III-l, comes 
to a focus at the focal plane of a lens in which it has a beam waist d = f*SO caused 
by the diffraction angle SO. For a Gaussian beam, the diffraction angle is given by 

SO = ^r =1.27 4 (1) 

A-n v 


If such a beam is deflected through an angle 80, as illustrated in Fig. III-2, 
then the number of resolved "spots", N, is just equal to the number of 80s 
contained in the angle SO or 


60 tcDSQ 
SO ~ 4A, 


( 2 ) 


We, thus, see that the number of resolved spots increases directly with the 
aperture D and the deflection angle 50. 



Figure III-l. Illustration of diffraction spreading from aperture. 
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Figure III-2. Illustration of how diffraction effects number of resolved spots. 

B. BEAM SCANNING POSSIBILITIES WITH GSE WAVEGUIDES 

A schematic cross-section of a GSE waveguide is shown in Fig. III-3. 
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Figure III-3. Schematic of grating-surface-emitting (GSE) waveguide. 


Light flowing in the waveguide film is coupled out of the film at an angle © 
to the normal by the grating. The coupling is governed by the following relation: 

n Q sin© = n e - m c A./A (3) 

no is the refractive index of the space into which the light is coupled, n e is the 
effective refractive index of the guided mode, X is the free space wavelength, and A 
is the grating period. It is clear from Eq. (3) that 0 may be changed by changing 
the wavelength X, by changing the effective index of the guided mode, or by 
changing the grating period A. 

Consider the case of changing the wavelength. We would like to obtain the 
relation between the wavelength change and the number of spots (or rows in our 
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case) that can be resolved. To do this, we take the derivative of Eq. (3) with respect 
to the wavelength and obtain 


80 = - m 


d k 

c Acos 0 


(4) 


where bk is the wavelength tuning range required. Equating this deflection angle 
with the angle (8d>) required to resolve one spot from Eq. (3), we obtain 

__ 4XAcos 0 

ok = per spot. (5) 

7iDm c 

By way of an example, take D = 500 pm, A = 0.25 pm, and m c = 1 (first 
order), then 8 k = 5.27-A/spot. For a 32-row device, the wavelength would be tuned 
over an approximate range of 169 A. Wavelength tuning of 1100 A has already 
been reported in a DBR diode laser by B. Broberg and S. Nilsson [4]. We will, 
however, consider the resolution of wavelength addressed GSE waveguides in 
greater detail in Section IV. 

We now consider using a refractive index change such as might be 
produced by the linear electro-optic (Pockels) effect. To analyze this case, we take 
the derivative of Eq. (3), with respect to n e , to find 80 and then, as in Eq. (5) equate 

this deflection angle with the angle (80) required to resolve one spot from Eq. (2) 
and obtain 

4k 

80 = 8n. = — per spot. (6) 

e 7CD 


Using the same example as before (D = 500 pm, k = 0.83 pm), we find 8n e = 
2 x 10' 3 /spot. Here, for a 32-row device, an index change of 6.4 x 10‘ 2 would be 
required. This is far larger than the index changes that are available from 
practical electro-optic materials. We will, therefore, not consider this approach 
further in this report. 

Finally, we consider changing the angle by changing the period of the 
grating. On the face of it, this approach might seem unrealizable as we picture 
the grating as a fixed mechanical structure that might be etched as a surface 
relief grating on the waveguide. An acoustic wave, however, launched with the 
propagation vector parallel to the grating vector will result in a composite grating, 
with a grating period that varies as the acoustic frequency is varied. The effect of 
such a variation is obtained by taking the derivative of Eq. (3) with respect to the 


III-3 


grating period A to find 80 and then again, as in Eq. (5), equating this deflection 
angle with the angle (80) required to resolve one spot from Eq. (2). We, thus, 
obtain 

80 = — jr8A = . Hence 

A 2 kD 

0 4A 2 

8A = — per spot. 

7iDm c 

Some details of the calculation of acoustic frequency change required to 
obtain a given number of resolved spots in this type of approach are given in the 
Appendix. Based on considerations of structural simplicity, we agreed that 
further study of the acoustic wave approach was not warranted. 
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Section IV 


WAVELENGTH TUNING RANGE AND RESOLUTION OF 

GSE-TL APPROACH 


A. RESOLUTION OF WAVELENGTH SCANNED GSE 

In this section, we give more details on the resolution of a wavelength 
scanned GSE waveguide. In considering the actual resolution at output coupling 
angles that are not close to 90°, the effective aperture of the emitting waveguide 
must be taken into account. We must also consider the effect of the grating order 
on the resolution. As will be seen, when the effective aperture is taken into 
account, the resolution is independent of the order but depends on the angle 
around which the output coupling angles vary as the wavelength is tuned, in 
addition to the wavelength range and aperture. 

Referring to Fig. IV-1 , the effective aperture, D e , is given by 


D e = D cos 0. 

Then the far-field spread [Eq. (1)] becomes 


(7) 



4X 

7cDcos© 


(8) 


To obtain N spots, 80 = NSO. Using Eqs. (5) and (8), we obtain that the 
number of resolved spots (or in our particular case rows) is given by 


7cm c 8A.D 

4noAA 


(9) 


From Eq. (1), we find that if we pick a given angle of operation at the center 
wavelength X, the grating period is given by 


A = 


m c k 

(n e - nosin0) 


( 10 ) 


Substitute Eq. (10) in Eq. (9) then 


* 



(ID 
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Figure IV-1. Effective aperture, D e , is less than the aperture D when 8 is not 90°. 


It can be seen from Eq. (11) that N depends on the center wavelength, the 
angle of emission of the center wavelength, the aperture, the refractive indexes, 
and the wavelength tuning range. N does not depend on the order chosen to give 
the desired emission angle. This is important in allowing an order and angle to 
be chosen that will avoid Bragg reflection in the waveguide plane. Such in-plane 
reflections would introduce losses and will, therefore, be avoided. As is well 
known, a first-order (m c =1) grating coupler designed to couple light out 
perpendicular to the waveguide plane has a second-order grating coupler that 
reflects light backwards in the waveguide plane. In Fig. IV-2, using Eq. (11), the 
number of addressable rows is plotted against the output coupling angle when 
the wavelength is tuned ±100 A around a center value of 0.83 pm. The GSE 
waveguide grating length is D = 500 pm, n e = 3.4, and no = 1. 
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Figure IV-2. Number of addressable rows plotted against the output coupling angle 
measured from the normal to the waveguide plane when the 
wavelength is tuned ±100 A around a center value of 0.83 pm. The 
GSE waveguide grating length is D = 500 pm, n e = 3.4, and no = 1. 

As can be seen from Fig. IV-2, more than 40 rows can be addressed at an 
angle of about -10° (backward from the normal). Angles close enough to the 
normal to be convenient would be preferred and yet can still be chosen to avoid the 
problem of second-order Bragg scattering that would occur very close to 0°. In a 
wavelength range of ±150 A, the beam angle swings by ±1.03°. Thus, it is easy to 
operate near normal without swinging into the reflection condition at the extrema 
of the tuning. 

B. TUNING ABRUPT DBR; GRATING REQUIREMENTS 

There have been a number of reports on the timing of lasers using current 
control sections in GaAs quantum- well lasers [2,15,16]. Many of these employed 
DBR sections [6] time a multi-section GaAs he tero structure laser and obtain beam 
deflection from an external waveguide grating section. In addition, tune a 
GalnAsP/InP DBR laser using a tuning region to tune the cavity length. Most 
recently, B. Broberg and S. Nilsson [4] report the observation of 11.6 nm (116 A) of 
tuning in a DBR InGaAsP/InP laser with a single gain section. Injected current 
is used to vary the refractive index of the DBR section. This method would 
certainly be applicable to OBIT and further enhance the tuning obtainable by 
using multiple gain sections as we assumed for the present study. 
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Here we review the grating properties required to allow wide-band tuning of 
a distributed Bragg reflecting (DBR) laser. As will be seen, very simple 
considerations show that a grating with a high coupling coefficient for Bragg 
reflection and short length is required. We refer to wavelength tunable lasers 
using this "strong" short DBR section as "Abrupt DBR Tunable Lasers." 

Figure IV-3 is a simplified view of a cross-section through a GSE 
waveguide. 

g 
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Substrate 


Cover I | 

AAAAAAAAAAAAAAAAAA 

h t 


Waveguide Layer 


Figure IV-3. Cross-section through a GSE waveguide. The refractive index of the 
waveguide layer is nf = 3.48. That of the substrate is n s = 3.39. The 
cover is assumed to be air, with a refractive index n c = 1. 


The Bragg reflecting coupling coefficient k for such a waveguide may be 
estimated from the following formula [11]: 

1 nf 2 -n e 2 


K = 


Kg 

2A. X ( 

h + — 

2k 


n f 


( 12 ) 


Vn e 2 -n s 2 Vn e 2 - n c 2 


nf is the refractive index of the waveguide layer, n s is the refractive index of the 
substrate, n c the refractive index of the cover, n e is the effective refractive index of 

the guided mode, g is the grating depth, and h is the thickness of the guiding 
layer. For a coupling coefficient k and a grating length L, the light intensity 
reflection coefficient R is given by 
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I 


R = Tanh 2 (KL) 


(13) 


The width of the band of wavelengths, in which the reflection remains above a 
factor of 1/2 from the center value is the reflection linewidth AX, may be found 
from the grating resolution, which equals the number of grating spaces in the 
aperture 

= — whence AX = (14) 

AX A L 


As is well known, n e may be found from the dispersion relation for optical 
waveguides [11]. For a graded index separate confinement heterostructure 
(GRINSCH) single quantum well (SQW) waveguide in GaAlAs, we calculate the 
equivalent indexes for use in Eq. (12) to be nf = 3.48, n s = 3.39, and taking n c = 1 
(air), the effective index of the guided mode is found to be n e = 3.4225 when the 
guide thickness is h = 0.4 pm. With these values at a wavelength of 0.83 pm, we 
find k = 0.260 g (pm* 1 for g in pm). A plot of Bragg reflecting grating length (left 
ordinate) and grating reflection line width (right ordinate) against grating 
reflectivity for a grating on the AlGaAs waveguide described above is given in Fig. 
IV-4. The plot is for a grating depth, g, of 0.1 pm, which is 25% of the guide 
thickness’ making for a very strong grating. A second-order Bragg grating, with 
a period of 0.24 pm, is assumed. 

For high-power diode lasers, either output facet or DBR reflectivities below 
10% are required for efficient operation. For our assumed conditions, it may be 
noted from Fig. IV-4 that a 7% reflecting grating will be approximately 10 pm 
long and have a grating reflection linewidth of approximately 200 A. This will 
allow sufficient wavelength tuning to obtain the 32-spot resolution discussed in 
Section IV, A. 
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Figure IV-4. Plot of Bragg reflecting grating length (left ordinate) and grating 
reflection line width AX (right ordinate) against grating 
reflectivity for a grating on an AlGaAs waveguide. The strong 
grating has a depth g of 0.1 |xm, which is 25% of the guide thickness. 
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Section V 

POWER REQUIREMENTS AND LOSSES 


In this section, we will consider the problem of obtaining sufficient signal 
intensity at the receiver to ensure that the signal-to-noise ratio (S/No) and, hence, 
bit error rate (BER) is adequate to operate the optical backplane switch as a useful 
computer tool. A BER of 10' 9 or better is considered as necessary in most digital 
communication applications, including those used for interconnecting 
computers. We will, therefore, use the obtainability of a 10' 9 BER as a required 
goal to evaluate the optical backplane approach being considered by this study. 

A. RECEIVER POWER NEEDED TO ACHIEVE lO * 9 BER 

For most, if not all, coding schemes a conservative estimate of the required 
received signal-to-noise ratio is S/No = 25 dB. We will now calculate the S/No ratio 
as a function of received power. We consider that an array unit cell acting as a 
receiver may represented by the equivalent circuit shown in Fig. V-l . 


V 



Figure V-l. Equivalent circuit representation of a unit cell of an OBIT array 
operated in the receiving mode. 

In the equivalent circuit of Fig. V-l, the quantum well switch detector 
(QWSD) section of each unit cell is represented by a junction detector back-biased 
with a suitable voltage V through the detector bus that electrically connects the 
QWSD and the input resistor of a pre-amplifier. The effective input impedance of 
the pre-amp is considered to be represented by a resistor R shunted by a 
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capacitor C. The optical power actually arriving at the QWSD is P. The RMS 
signal (power) arriving at the pre-amp is then given by 


s = | l2 R = | r 


eX¥ 
^hF 


P2R 


(15) 


T| is the quantum efficiency of the QWSD, e is the charge on an electron, and hc/X 
is the photon energy in which h is Plank's constant and c is the velocity. The RMS 
noise power, Ns, is given by [12]. 

Ns = shot noise (2el AfR) + Johnson (thermal) noise (4kTAf) 


Ns = 12 


( 

^hc l eP + 




4kTF( 

R I 


AfR 


(16) 


k is Boltzman's constant. The pre-amp load resistance is R = 1/(2 k AfC). The 
bandwidth is Af, the pre-amp noise figure is F, and the input temperature is T. 
As an example, consider a future, very fast computer requiring bandwidth Af = 
100 MHz. Assume F = 2, rj = 0.5, C = 100 pF, and X = 0.83 |j.m. We then calculate 
that the required optical power entering the QWSD to obtain S/N = 25 dB and 10' 9 
BER is 


P= 1.12 mW. 

B. SYSTEM LOSSES 

Having calculated the required power at the receiver, we now must find the 
losses in the system in order to find out how much power is required from the 
lasers. We will separately consider losses within the transmitting array, losses 
that occur as part of the transmission, and losses that occur within the receiving 
array. 


1. Losses in the Transmitting GSE-TL Array 

In the GSE-TL approach, we are considering that the light from each laser 
is divided among all the N unit cells of a row. The amplified QW ridge waveguide 
is assumed to have only enough gain to compensate for the absorption and 
scattering losses of the waveguide thus, the power division loss is not 
compensated by the gain. This assumption is made because having enough gain 
to compensate for the power division appears likely to introduce enough 
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incoherent light to prevent the array from operating correctly. We, thus, take the 
power division loss to be simply 1/N. 

We assumed earlier that the directional couplers along one row would have 
coupling lengths graded so that each GSE waveguide of a transmitting row would 
receive the same amount of light. The lengths required to give the correct division 
at the center wavelength are calculated below. As the wavelength is tuned, 
however, the division of light among the couplers will no longer be equal, and this 
effect must be considered the same as a loss. As will be seen in the calculation 
below, the effect, fortunately, turns out to be rather small. 

We first calculate the directional coupler lengths required for an equal 
division of light power among the N GSE waveguides of a row. Going from the 
laser, each successive "downstream" coupling length must be longer than the 
preceding one to compensate for the diminished available light. If the input light 
power is Po and there are N couplers, each coupler must extract light power equal 
to Po/N. The coupling fraction of a directional coupler of length L n is sin 2 (K c L n ). 
k c is the coupling coefficient. We write a sequence starting with the first 
directional coupler (subscript 1 ) and going to the n'th coupler (subscript n). The 
sequence makes the required relation clear. 

Pi = Po/N = Po sin 2 (KcLi) 

P 2 = Po/N = (P 0 - Po/N) sin 2 (KcL 2 ) 

P 3 = Po/N = (P 0 - 2Po/N) sin 2 (KcL 3 ) 

P n = Po/N = [P 0 - (n-1 )Po/N] sin 2 (K c L n ) (17) 

We now need only invert Eq. (17) to find the required coupling length for the n'th 
directional coupler. Thus, 



The coupling lengths calculated using Eq. (18) will distribute the light 
equally at the center wavelength. As the wavelength is tuned, the coupling 
coefficient will change, and the lengths will not be correct for equal power 
distribution. Thus, some channels will have less light than others, and the effect 
of this reduction is the same as the effect of any other loss. To calculate the 
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magnitude of this source of loss, we will write the expression for the coupling 
coefficient of directional couplers and then take its derivative with respect to 
wavelength. From the variation of the coupling coefficient with wavelength, we 
can calculate the resulting change in the power coupled or transmitted by the n'th 
coupler. We then plot the change in transmission as a function of coupler 
number to evaluate the effect. 

Figure V-2 is a cross-section through a directional coupler consisting of two 
identical, dielectric waveguides each W wide spaced a distance D apart. D is 
small enough so that the evanescent fields of the two guides overlap. The guides 
run parallel to each other normal to the x-y plane of the paper. The rectangular 
guides have a refractive index nf that is greater than the refractive index n s of the 
substrate or cladding in which they are embedded. For such guides that may be 
used to represent the ridge guides of this study by correctly choosing the indexes, 
the coupling coefficient is given to a good approximation by [13] 


Kc 


2(nf2 - n e 2 )V n e 2 - n s 2 

= / 


2k 




(19) 


n e is the effective index of the guided mode of an isolated rectangular guide. 



Figure V-2. Directional coupler consisting of two identical rectangular dielectric 
waveguides of refractive index nf embedded in a substrate of lower 
refractive index n s . 


The coupling coefficient varies with wavelength, and the power transferred 
by the directional couplers varies with the coupling coefficient. We first calculate 
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the variation of k c with X including the dispersion in the refractive indexes. 
Taking the derivatives, we find, after some manipulation, 


dic c 2kD I q 2 - s . 

— = - -JjWnS - n s 2 bX 

\ nf -n e n e - n s „ nf- n e 27iD(n e - n s )| dn 

+ { nf 2 -n e 2 + n e 2 - n s 2 ' nf 2 - n s 2 ' n e + ^n e 2 - n s 2 J dX 6 


(20) 


To complete our task, we calculate how the power coupled by the n'th 
coupler varies with the coupling coefficient. Taking the derivative of Eq. (17), with 
respect to k c , we obtain the normalized transmission variation in P n . 


1 - 



= 1 - 


2 sin 1 "y 

1 

N - n + 1 

tan 

fsm-i-N 

/ 1 1 

f N-n + lJ 


dKc 

K C 


( 21 ) 


Using the values of refractive indexes given in Section IV, B and, as there 
taking dn/d\ = -0.1/jJ.m, in Fig. V-3 we plot the normalized transmission as a 
function of n using Eqs. (20) and (21). The wavelength variation is, as before, 
200 A, and we assume a 32-bit GSE-TL array so that N = 32. 
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Figure V-3. Variation of transmission from waveguide to GSE grating with 
directional coupler number for 8X = 200 A. 
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As can be seen from Fig. V-3, the change in transmission is relatively 
small falling to about 0.9 (90%) of its maximum value for the most sensitive 
coupler at the tuning extreme. The first coupler is the shortest and, thus, suffers 
the strongest effect when the wavelength is scanned to its maximum excursion. 
It can be concluded that the effect of wavelength tuning on the directional 
couplers will not seriously impair the operation of the GSE-TL array. The 10% 
loss will, however, be included in the power budget. 

We now discuss the losses that occur in the output grating coupling 
process. The grating depth and, hence, coupling coefficient can readily be made 
strong enough to couple all the light out of the waveguide in the 500-pm grating 
length allotted. Experience at the David Sarnoff Research Center has shown that 
gratings with depths under 1000 A remove all the light from the waveguide in 
lengths less than this value. The exact depth required may be calculated from 
computer programs available at the David Sarnoff Research Center. The problem 
is, however, that the light is coupled out in both directions to the waveguide plane. 
Thus, the light coupled in the "wrong” direction is lost. We will assume a worst 
case and choose the direction for output coupling to be away from the substrate. 
That is, we will assume that the GSE-TL array is not grown on a transparent 
substrate. We have observed that without blazing or other measures being taken, 
the ratio of light grating-coupled from a waveguide to a cap layer to the light 
coupled to the substrate, is roughly equal to the ratio of their refractive indexes. 
Thus, we will take the worst-case loss as resulting in a transmission of l/n s at the 
output grating coupler. 

The loss at the transition from the abrupt DBR tunable laser to the 
amplified QW ridge waveguide is expected to be negligible as the waveguide will 
be identical in structure to the laser section. The waveguide is distinguished from 
the laser section by having an independent pumping electrode. The losses in the 
transmitting GSE-TL array are summarized as follows: 

Transmission 

Power Division 1/N 

Directional Coupler 0.9 worst case for N = 32 

Output grating Coupler l/n s 

The actual values used for these are listed in Table V-l below. 
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Table V-l 

OPTICAL LOSSES 


Transmitter 


Power division among N GSE waveguides 

1/N 

Abrupt DBR laser-WG coupling 

1.0 

Directional coupler 

0.9 

Output grating coupler 

l/n s 

Receiver 


(Beam waist matched to output grating in 


Y direction) 


Input grating coupler 

l/n s 


Mismatched beam waist in Z direction (Wr/W* 1) (W/D) 2 


Total Optical Loss 


0.9W 2 


N n s 2 D 2 

Example: For a monolithic AlGaAs, 32 x 32 optical backplane interconnect, 
N = 32. Substrate refractive index, n s = 3.4. GSE waveguide length is D = 500 pm 
and width W = 100 pm. 


Total Optical Loss = 9.7 x 10 5 (40 dB) 


2. Transmission and Input Grating Coupling Losses 

Light leaving a GSE waveguide of a GSE-TL array in the transmitting state 
passes through a lenslet of the lenticular array associated with the transmitter. 
The lenticular array is placed sufficiently close to the surface of the GSE-TL wafer 
as to be considered in substantial contact with the surface. The light passes 
through air and is received by a lenslet of the identical lenticular array associated 
with the GSE-TL array in the receiving state. The received light is coupled into 
the receiving array by its GSE waveguide, as will be discussed further below. The 
arrays are spaced a distance apart equal to the focal length of a lenslet of the 
lenticular array. For the purpose of this loss estimate, we will consider that the 
lenticular arrays consist of cylindrical lenslets with axes perpendicular to the x-y 
plane in which the light is deflected (see Figs. II-3 and V-4) In this case, the 
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beam waist in the y direction of a transmitted light beam is transferred to the 
receiver where it has a y dimension given by 

Dr = f AO (22) 


f is the focal length of a cylindrical lenslet of the lenticular array, and AO is the 
diffraction spread of the emitted beam given by Eq. (1). Using Eq. (1) in Eq. (22) 
and solving for f, we find 


f = 


TtDDr 

4X 


(23) 


Since the receiving grating has the same structure and dimensions as the 
transmitting grating, the input coupling will be optimized in the y direction if the 
received beam waist in that direction is equal to the y beam waist at the 
transmitting grating [14]. Thus, setting D r equal to D in Eq. (23), we find 


tcD 2 



(24) 


For the case we have been taking as an example, f is calculated to be 23.7 
cm, which is a reasonable dimension for a lenticular lenslet. 

Referring again to Fig. V-4, if we match the beam waist in the y direction, 
the beam waist in the z direction will not be the same size as the grating width 
and there will be a geometric loss. That is W r * W. Applying Eqs. (22) and (1) and 
to the z direction, it is readily shown that the ratio of received beam waist width to 
the transmitted width is given by 

Wr/W = W 2 /D 2 (25) 


The transmission fraction due to the z direction size mismatch is given by Eq. (25). 

We will assume that the lenticular arrays are anti-reflection coated so that 
there will be no Fresnel reflection loss. Then the only loss during transmission 
will occur because of size mismatch in the beam widths in the x direction. 

The input-grating coupling loss will be equal to the output-grating coupling 
loss because the beam waist size in the y direction (normal to the grating lines) is 
matched to that of the input [14]. Thus, as explained in Section V, B-l, the input 
coupling loss will also result in a transmission of 1/ns. Using these equations 
and considerations, we summarize the total optical losses in Table V-l. 
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Figure V-4. Perspective view of geometry for calculating coupling between two 
GSE-TL arrays. 


C. SUMMARY OF OPTICAL LOSSES 

Using the value of loss summarized in Table V-l and the optical power 
required to obtain a BER of 10* 9 calculated in Section V, A we find the necessary 
laser power to be 

laser power for 10' 9 BER = 1.12 x 10-6/9.7 x 10-5 - 12 mW. 

In our treatment of loss and power requirements, we have assumed that 
the arrays and optics can be arranged to avoid crosstalk between separate 
channels. This assumption should be verified in future work. If crosstalk 
cannot, in fact be avoided, then additional measures would have to be taken in 
compensation. 
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Section VI 

CONCLUSION 


We may summarize our conclusions as follows: Using our approach 
employing monolithic, grating-surface-emitting (GSE) waveguides coupled to 
abrupt DBR or other tunable laser (TL) configurations it should be possible within 
the present state of the art to have an optical backplane array with the following 
characteristics: 

• Any row of a 32 x 32 GSE array may be optically connected to any 
row of a second 32 x 32 array. 

• By scanning the laser driver of a row of the transmitting array 
through a wavelength range of 200 A, any of 32 rows of the 
receiving array can be addressed. 

• Each monolithic array can be used as both transmitter and 
receiver by switching the bias on the quantum-well switch 
detectors. 

• Separate transmitting and receiving structures could be provided, 
if desired, for duplex operation. 

• For a bit error rate of 10 -9 at 100-MHz data rate, a required laser 
power of 12 mW is calculated based on an estimated total optical 
loss of 40 dB (9.7 x 10' 5 ). 

The advantages of this approach to OBIT are as follows: 

• Provides an optical approach to overcome complexity inherent in 
electronic switching for computer applications. 

• Employs and monolithically integrates waveguide and laser diode 
devices that have been demonstrated. It, thus, does not require 
the invention of new devices. 

• Because a complete backplane array may be formed 
monolithically on a chip, our approach will be compact and power 
efficient. 


VM 


• It should be possible to demonstrate optical backplane switches as 
large as 32 x 32 using state-of-the-art technology. 

• The optical backplane technology studied in this report requires 
only one switch decision to switch 32 parallel connections to 
anyone of 32 positions. 

• The laser power required to achieve a high level of performance 
(32 parallel connections to any of 32 positions with 10 9 BER at a 
100-MHz data rate) is modest for certain types of quantum-well 
lasers. 

There are areas that require further study before the development of a full- 
scale GSE-TL optical backplane occurs. The tuning range, stability, and 
repeatability of the tuned laser has to be established. An important element in our 
approach is the amplified QW ridge waveguide that carries the light from the 
tuned DBR laser to the grating waveguide via the directional couplers. The effect 
of the amplified spontaneous emission in the amplified waveguide on the cross- 
talk and, hence, the required size of the arrays should be studied further. The 
feasibility of fabricating the required integrated optics' structures has to be 
evaluated with respect to the required tolerances. Finally, the actual materials 
integration technology has to be chosen and evaluated. We feel that these 
important areas can best be addressed through experimental demonstration and 
studies. 
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APPENDIX 


Scanning of light from a GSE waveguide by varying the grating period using an 
acoustic surface wave. 

2k 

The k vector for the coupling grating is k = — - that for an acoustic wave 

A 

launched with k vector parallel to that of the grating is 



2icf 

va 


(Al) 


Here v^ is the acoustic velocity, and f is the acoustic frequency. The combined k 
vector for the acoustic and coupling gratings is 

kT= — ■ 

At 


Use 


kx = k + kA- 


Then 


8A = I A - At I = A 


A + Aa j 


-1 


4X 

= N for N spots 

tcD 


(A2) 


From (Al ) and (A2), the acoustic frequency range required to resolve N spots is 


f= 


va 


tiD 

A + 4N 


Plots of the required acoustic frequency tuning range vs the length of the Bragg 
grating for resolution of 8, 16, 24, and 32 spots are given in Fig. Al for longitudinal 
acoustic waves in GaAs and, in Fig. A2, for transverse acoustic waves. 
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Figure A-l. Acoustic frequency tuning range plotted against length of Bragg 
grating to obtain 8, 16, 24, and 32 resolved spots, longitudinal [1103 
acoustic waves in GaAs with wave velocity v = 5.15 x 10 5 cm/sec. 
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Figure A-2. Acoustic frequency tuning range plotted against length of Bragg 
grating to obtain 8, 16, 24, and 32 resolved spots, transverse [100] 
acoustic waves in GaAs with wave velocity v = 3.32 x 10® cm/sec. 
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